[1] We detect seismic wave velocity changes at Mt. Vesuvius, using doublets and the Coda Wave Interferometry method. The high sensitivity of multiply scattered coda waves to temporal changes in the medium allows us to detect velocity variation smaller than 0.4%. We use 17 doublets, some of them grouped in families of multiplets, spanning January 1996 to December 1999. Data show a systematic increase in velocity from 1996 to endSeptember 1999, followed by a rapid drop in velocity. This drop immediately precedes a sustained swarm of VT-type earthquakes, including the 9th October 1999 M = 3.6 event, the largest in the region since at least 1972. We propose a long term fluid pressurization followed by influx as a possible causative mechanism. Citation: Pandolfi, D., C. J. Bean, and G. Saccorotti (2006), Coda wave interferometric detection of seismic velocity changes associated with the 1999 M = 3.6 event at Mt. Vesuvius, Geophys. Res. Lett., 33, L06306,
Introduction
[2] Mt. Somma-Vesuvius, located in the South-West of Italy, is a stratovolcano formed by an ancient caldera and a younger cone. Its summit is 1277 m above sea level. The volcano is underlain by carbonate basement, up to 3 km below sea level. Volcanic activity can be both explosive and effusive, at times devastating the surrounding region over the past 2000 years. Since the last eruption in 1944, the volcano has shown a period of relative quiescence with no volcanic events but instead, exhibiting fumarolic activity and moderate seismicity. With approximately 2 million people living in close proximity to Vesuvius, detailed monitoring of the volcano is a high priority. The events routinely detected on the permanent seismic network, composed of up to 23 short-period stations [Castellano et al., 2001] , are of Volcano-Tectonic (VT) type. They range down to 6 km below the main crater, with most of the activity clustered between 2 to 3 km b.s.l. [Scarpa et al., 2002] . During the period we have analyzed, the most significant event was the 9th October 1999, M = 3.6, VT-type earthquake ( Figure 1 ). Here, using the Coda Wave Interferometry method we detect both long and short term velocity changes at the volcano some of which are associated with this event.
Data and Method
[3] Families of repeating, almost identical earthquakes or multiplets exist among the VT-events recorded on the fixed network (Figure 1) . When recorded at the same station, the similarity of repeating events indicates that the source and wave paths are similar [Geller and Mueller, 1980] . For identical co-located sources, whose origin times are different, any observed difference in waveforms is related to a change in the medium. In a strongly scattering environment such as a volcano, the seismic coda, composed of multiply scattered waves, 'samples' the medium more effectively than the direct (ballistic) arrivals. Snieder [2002] , exploiting this property of coda waves, developed the Coda Wave Interferometry (CWI) method, building on early work on doublets analysis [e.g., Geller and Mueller, 1980; Poupinet et al., 1984; Roberts et al., 1992] . Utilizing the information contained in the tail of the doublets, the technique can discriminate between source movement, movement in the positions of the scatterers and/or velocity variations in the medium Snieder and Hagerty, 2004; Snieder and Vrijlandt, 2005; Gret et al., 2005] . CWI theory is based on path summation; the Figure 1 . Sub-network and location of the 1996 -1999 temporal period seismicity used in this study. All locations are computed using travel-times from the 3D velocity model presented in Scarpa et al. [2002] . We plot the hypocentral locations on the NS and WE cross sections for the total seismicity in the 1996 -1999 period as grey crosses, doublets location as black circles. The triangle (left and bottom right panel) represents the station BKE. The M = 3.6, 09/10/1999 hypocentral location is indicated by a black star. The only two doublets locations that appear above sea level could not be relatively located because of a lack of recorded data at other stations. total wave field is regarded as a superposition of all the possible scattering paths, including all mode conversions [Snieder, 1999 [Snieder, , 2002 . If we have two waveforms, u(t) andũ(t), the time-shifted correlation coefficient of the two signals is used to quantify their degree of similarity. The coefficient is computed in a time window of length 2T centered on t following the formula:
[4] For each time window, the percentage of velocity variation dv/v can be computed from the lag-time t s following the formula:
Under the hypothesis of a uniform velocity variation, the plot of lag-time corresponding to the maximum of the cross-correlation per time window versus time shows a linear relationship, where the mean velocity perturbation is proportional to the slope. The velocity variation and its associated error are computed by mean least squares. We show a doublet pair in Figure 2 ; Figure 3 illustrates the application of CWI technique to this pair. We apply the CWI method to pairs of events with a cross-correlation of 0.9 or greater in the time interval 01/01/1996 to 31/12/ 1999 at the station BKE. The events are located with a 3D location program [Lomax et al., 2001] using the 3D velocity model described by Scarpa et al. [2002] . All the doublets are band-pass filtered between 4 -15 Hz to reduce the environmental noise due to the highly urbanized surroundings [Saccorotti et al., 2001] . The waveforms are aligned at the P-wave arrival and we visually check the similarity of the P-onset, as an additional constraint on the similarity of the source function. The analysis is performed from the P-onset up to a signal-to-noise ratio greater than 3, typically more than 15 s. We double-check the colocation of the event-pairs by computing the relative location [Got et al., 1994] of the pair of doublets, confirming that the computed relative distances are smaller than a wavelength, as expected for such highly similar waveforms [Geller and Mueller, 1980] . The choice of the length of the window T for the time-shifted correlation coefficient is determined by a trade off between the number of independent data and a fast drop in coherency for windows that are too small. Our results are stable using window lengths between 5 and 10 cycles, either with or without an overlap. The results are summarized in Table 1 .
Results and Discussion
[5] We found 17 pairs of doublets and among those we could discriminate 3 families of multiplets. We use each event pair to both determine the percentage change in velocity between the events in the pair and to determine the sign of the change (faster or slower). We applied the CWI technique for both vertical and horizontal components at BKE and at all the stations in the region that recorded the pairs, typically more than three per pair. We observe a consistency in the sign of the velocity variation at all the stations. Magnitudes of the variations are also consistent when the signal to noise ratio is good. Here we show only data from the BKE station, vertical component (Figure 1) . Over a three and half year period from March 1996 to September 1999 all three families of multiplets show a consistent and systematically increasing velocity. Total percentages are small, less than 0.5% per year (Figures 4 and 5) . The trend is abruptly reversed with a rapid 0.33% velocity decrease over a period of a maximum of 3 days in late September 1999 ( Figure 5 , branch e). Although there is uncertainty in the temporal resolution, controlled by the timing of the event pairs in the multiplet family, we clearly observe measurable and rapid changes in the volcano between September 22nd and September 25th 1999. In Figure 6 we show the mean percentage velocity variation per day, throughout 1999. An increase in the rate of velocity increase can be seen prior to the abrupt velocity drop in late September 1999. On average, the velocity continues to decrease until the end of our data sequence in December 1999. The abrupt velocity decrease in Septem- Figure 2 . The seismograms were first aligned at the P-onset; the time-shifted cross correlation was then computed for non-overlapping windows (the length of the window is 5 cycles). The velocity variation can be retrieved from the slope of the time vs lag-time. The slope has been computed up to 7s. The gap at 8s is related to a sudden drop in cross correlation, due to a spike in one of the seismograms of the pair. The velocity variation and its associated error are computed by mean least squares.
ber immediately precedes the onset of a sustained increase in number of VT earthquakes per day. The M = 3.6 event, the largest since at least 1972, but possibly since the last eruption in 1944, occurs as part of this increased seismicity, approximately 10 days after the abrupt changes in seismic velocity.
Conclusion
[6] Using CWI we have detected long and short term changes in seismic velocity at Mt. Vesuvius. We suggest that these variations might be stress related: long term velocity increase is possibly due to a continuous stress loading whereas the sudden velocity decrease could be related to cracking and/or fluid influx. This is consistent with the sustained VT swarm, which immediately follows the velocity drop. The M = 3.6 event forms part of this VT sequence and cannot be regarded as 'special' event in this context. Gravity, electrical and electromagnetic data suggest the presence of a hydrothermal system in the shallow part (down to a depth of 3 km) of the upper crust [Berrino et al., 1993; Celico et al., 1998; Di Maio et al., 1998 ]. Also the spatio-temporal evolution of seismicity is consistent with seismic clustering associated with a diffusive process [Saccorotti et al., 2002] . In this scenario, seismicity would be triggered by stress changes as a consequence of pressure variation, associated with degassing of the Vesuvius hydrothermal system. Independent evidence of an overpressurized system before the event can be found in the observed variation in the polarization of the fast polarized wave qS 1 distribution at BKE station before the 1999 event, while the increase in Q c À1 after the earthquake, interpreted as increase in intrinsic attenuation [Del Pezzo Table 1 , under the assumption of a linear increment of velocity variation with time. For each pair we calculate the change per day. For those pairs which overlap in time we compute the mean of the daily changes. We omit D2 and D3 from the average calculation as they span periods of both velocity increase and decrease and hence reduce the temporal resolution in both periods, if included. The standard error is obtained from the formula for the propagation of the errors. Also shown is the number of VT earthquakes recorded per day (light grey line). The largest decrease in velocity immediately precedes an increase in number of earthquakes per day. The vertical lines indicate the temporal positions of the doublets. The black arrow indicates the origin time of the 09/10/1999 M = 3.6 event.
